Object. Based on data from primate experiments it is known that rotational acceleration in the sagittal plane and in a forward direction is most likely to produce acute subdural hematomas due to bridging vein rupture. For protection against these lesions, knowledge of rotational acceleration tolerance levels in humans is required. In the present study the authors analyze human tolerance levels for bridging vein rupture by performing head impact tests in cadavers.
HE relevance of protecting against traumatic acute SDHs lies in the high mortality rate associated with this type of injury, ranging from 30 to 90%, and the high incidence of the injury itself, ranging from 26 to 63% of all nonmissile head injuries. 2, 10 A traumatic acute SDH can arise from three sources: a hemorrhagic contusion or intracerebral hematoma that breaks through the arachnoid, the rupture of one or more bridging veins (that is, the parasagittal veins that traverse the subdural space in their course from the cerebral cortex to the SSS), or the laceration of a cortical artery or vein. The laceration of a cortical blood vessel is a rare cause of acute SDH in blunt head injury, arterial acute SDHs being recognized as more of a vascular pathological entity associated with old age and minor trauma or no trauma at all. 22 In an autopsy series by Maxeiner 23 the cause of acute SDH was an underlying contusion in two thirds of the cases and a ruptured bridging vein in almost one third. Hence, for protection against acute SDH, it is important to understand the mechanical origins of both contusions and bridging vein ruptures. In the present study we focused on the latter cause of acute SDH.
The bridging veins that originate from the superolateral surface of the posterior part of the frontal lobe, the parietal lobe, and the occipital lobe run anteriorly toward the SSS, with angles ranging from 10 to 85˚. 29 Consequently, when the brain lags behind the skull following an occipital impact, a longitudinal strain will be produced in the veins and can lead to vein rupture. 3, 7, 12, 14, 17 Indeed, it has been shown in clinical series that purely acute SDHs are more likely to result from occipital impacts than from frontal ones. 1, 5 An explanation for the greater likelihood of bridging vein ruptures to occur in the subdural portion of the vein lies in the fact that this portion is more fragile than the vein's subarachnoid portion. This fragility is due to a variable wall thickness, with minima as thin as 10 m; the circumferential arrangement and loose pattern of collagen fibers in this portion; and the lack of outer reinforcement by arachnoid trabecules. 35 Furthermore, because the amplitude of relative brain-skull motion is known to be higher in head rotation than in purely translational head motion, 11 a relationship between the occurrence of bridging vein rupture and rotational acceleration of the head is to be expected. This relationship was shown by Gennarelli and coworkers 7, 8 in their HAD-II and Penn-I experiments, in which the heads of nonhuman primates were fitted into a helmet linked to a pneumatic actuator delivering a single acceleration/deceleration pulse. These au-thors reported the following observations: 1) Purely translational motions cannot induce acute SDHs. 2) Acute SDHs can be produced by rotational acceleration in the sagittal plane and in a forward direction with a magnitude of at least 10 5 rad/second 2 and a pulse duration of 4 msec. 3) Acceleration magnitude must be increased to produce acute SDHs at longer pulse durations. Hence, a positive correlation between pulse duration and critical rotational acceleration was observed. This correlation has been criticized by Lee and Haut, 14 however. These authors have postulated that Gennarelli and Thibault 7 analyzed the deceleration phase of the forward head motion in their tests, whereas the acceleration phase should have been considered. It is not clear from the original paper by Gennarelli and Thibault which phase was analyzed.
Apart from the uncertainty about the exact influence of pulse duration on rotational acceleration tolerance levels, no conclusions can be made with respect to the magnitude of the critical rotational acceleration threshold in humans. The values obtained in the primate tests cannot be transferred to a human situation because of the differences in brain mass and brain and skull geometry. Löwenhielm 19 has suggested a critical threshold of rotational acceleration magnitude of 4500 rad/second 2 in humans, based on an analysis of nine cadaver experiments. However, the acceleration durations in his tests ranged from 15 to 44 msec, which are long compared with the acceleration duration in a fall onto a rigid surface. In contrast, Huang, et al., 12 have suggested a critical rotational acceleration magnitude of 72,000 rad/second 2 , based on a three-dimensional finite-element analysis of bridging vein rupture.
The purpose of the present study was to better identify the critical magnitude of rotational acceleration for bridging vein rupture in head impacts in humans and to evaluate the influence of the acceleration pulse duration on this threshold by conducting cadaveric head impact studies. By applying impacts instead of inertial loading, the emphasis was focused on the shorter range of pulse durations.
Approval by the local ethics committee was obtained for this experimental work on human cadavers in the anatomy department.
Materials and Methods

General Experimental Approach
The principle of the tests was to subject the heads of intact cadavers to a rotational acceleration in the sagittal plane and in a forward direction induced by an occipital impact and subsequently to evaluate the integrity of the bridging veins. To avoid difficulty in interpreting compromised bridging vein integrity due to damage caused by dissection during autopsy procedures in cases in which the dura mater was firmly attached to the skull, Maxeiner 23 developed a technique in which the upper half of the brain and skull is separated from the lower half by a horizontal cut, the occipital portion of the SSS is canulated using a balloon catheter, and the bridging veins are visualized using axial radiography after the injection of 5 to 15 ml barium sulfate solution. Based on this idea, we successfully visualized the bridging veins of an intact cadaveric head by using fluoroscopy after the injection of barium sulfate into the SSS, which had been canulated via a small occipital craniectomy. In addition to being a sensitive way of detecting bridging vein rupture, this technique also offered the advantage of allowing more than one impact test to be performed on the same cadaver. After each test, bridging vein integrity was checked. Increasing magnitudes of rotational acceleration could thus be imposed on a head until bridging vein failure was detected. Note that the number of impacts per cadaver was limited to two, because it was assumed that a higher number of repetitive impacts could alter the material properties of the veins and their surroundings.
Specimen Preparation
Ten intact unembalmed cadavers were used in the tests. The details of each cadaver are summarized in Table 1 . The mean age and the mean interval between death and the experiment were 79.2 Ϯ 12.4 years and 3.1 Ϯ 1.4 days, respectively (means Ϯ standard deviations). Each specimen was fitted with a 16-cm curved aluminum profile screwed onto the left side of the head, behind the ear on a vertical line projecting through the lower cervical vertebrae. Three uniaxial accelerometers (quartz shear ICP accelerometer; PCB Piezotronics, Inc., Depew, NY; measurement range 0-500 g, sensitivity 10 mV/g) were mounted on this profile by using wax-one behind the ear, one on the plane through the superior orbital rims and the external occipital protuberance, and one in a slightly higher position than the former-and the distances between the accelerometers were recorded. Each was positioned in such a way that its axis was located in the sagittal plane and perpendicular to the profile. A small craniectomy (~ 3 ϫ 2 cm) was performed immediately above the external occipital protuberance, and the SSS was opened and cannulated using a No. 10 French tube. Five milliliters of a mixture of one half Micropaque (Guerbet; Bloomington, IN) and one half water was carefully injected through the tube under fluoroscopy (Siremobil 2; Siemens Medical Solutions, Erlangen, Germany) to determine whether access to the sinus had been effectively achieved. Next, the tube was removed, and a calibrated intracranial pressure transducer (MicroSensor; Codman, Dilbeek, Belgium) was introduced into the sinus in an anterior direction over a distance of 10 to 15 cm to enable the measurement of the pressure inside the sinus. A balloon catheter of appropriate diameter was then introduced into the sinus in an anterior direction over a distance of 2 to 3 cm, and the balloon was insufflated to block the distal portion of the sinus. The transducer and balloon catheter were attached to the skin with sutures, and the skin overlying the craniectomy was closed. Finally, the SSS was rinsed with warm saline to evacuate blood clots, the integrity of the sinus and bridging veins was checked before impact testing by injecting 10 to 15 ml diluted Micropaque into the sinus under fluoroscopy, and the sinus was rinsed with warm saline again.
Impact Delivery
Impacts were delivered via a steel pendulum 148 cm in length and weighing 14.3 kg that had been mounted over a steel bar that was fixed to the wall at one end and supported by a steel structure at the other. The impact energy could be varied by altering the pendulum release angle or by adding or removing mass in the form of steel weights. Each cadaver was placed in an upright sitting position in front of the pendulum and was supported by a wooden box 34 cm in height. The back of the cadaver faced the pendulum, and the head's sagittal plane was in line with the plane of the pendulum's motion. The head was tilted slightly backward and held in that position by a string attached to the nose, which did not impede forward rotation of the head. A sandbag was placed on the body to minimize movement of the trunk and thus to maximize the portion of the energy input that was transferred into the head's rotational movement. The lower end of the pendulum stayed above the cadaver's shoulders. The impactor consisted of a steel block with a surface of 8 ϫ 22 cm and a thickness of 8 cm and was attached to the front side of the pendulum, which was fitted with polystyrene padding. The padding was meant to prevent contact injuries. Moreover, by altering the thickness and density of the padding, the acceleration pulse duration could be varied. Before each impact, 10 ml saline was injected into the SSS to create a physiological pressure of 6 to 8 mm Hg inside the sinus. 25 In the present series of tests, the pendulum release angle was varied between 30 and 180˚; and the total mass of the pendulum, between 43.4 and 63 kg. Data sampling was conducted at a frequency of 65,000 Hz. For data acquisition and management, commercially available software (TestPoint; SuperLogics, Inc., Waltham, MA) was used. A drawing of the setup is shown in Fig. 1 .
Experimental Protocol
After preparing the cadaver and checking bridging vein integrity, the cadaver was positioned in front of the pendulum and the first impact was delivered. Next, the cadaver was moved to the fluoroscopy apparatus, and the bridging veins were visualized by slowly injecting 15 to 20 ml diluted Micropaque into the sinus. Bridging vein ruptures appeared as clearly visible parasagittal contrast leaks (Fig. 2) . If no rupture could be detected, the sinus was rinsed with warm saline and a second impact was delivered for which the pendulum was released from a greater angle. The bridging veins were visualized again. When a ruptured bridging vein was detected or when no rupture had occurred after delivering a second impact, the experiment was stopped. A sagittal craniectomy was performed over the entire midline, and the dura mater was carefully separated from the bone flap. The dura was incised anteroposteriorly 4 cm from the midline at both sides, and the subdural space and bridging veins were inspected. Dye was injected into the balloon catheter to facilitate the detection of torn bridging veins. Note that the measurement of the pressure inside the SSS was sometimes impossible due to a failure of the fragile transducer after a first impact.
Data Analysis
For each impact test the magnitude and duration of the rotational acceleration were calculated using commercially available software (Matlab; The Mathworks, Inc., Novi, MI). Pulse duration was estimated from the linear acceleration signals that were filtered at 250 Hz. Each set of two uniaxial accelerometers enabled calculation of a peak rotational acceleration based on the difference in peak linear acceleration-filtered at 750 Hz-and on their relative distance. Using the combinations of the uppermost and lowest and the middle and lowest accelerometers, two peak rotational accelerations were obtained, from which the mean was calculated. The linear acceleration measured using the middle uniaxial accelerometer was considered an estimation of the tangential acceleration of the head's center of mass.
Head Rotational Acceleration in a Backward Fall
To compare the peak rotational accelerations obtained during the impact tests with the peak rotational acceleration during a simple backward fall by a standing person, we performed a supplementary test in which a cadaver-from the legs to the shoulders, with the head freely mobile-was tied to a shelf; this assembly was allowed to fall backward onto a tiled floor. Three uniaxial accelerometers were mounted on the cadaveric head as described earlier. The magnitude and duration of the head rotational acceleration in the sagittal plane were calculated. This test was performed twice.
Results
Eighteen impact tests were performed in 10 cadavers. The results are summarized in Table 2 . We were unable to determine the linear and rotational accelerations in three of the 18 tests because of artifactual measurements. A bridging vein rupture occurred in six tests. The autopsy findings corresponded well with fluoroscopy results. When a bridging vein rupture was detected on fluoroscopy, a collection of barium sulfate was found in the subdural space on the side of the rupture. The rupture itself could be easily seen on autopsy in five of the six cases. In one case demonstrating a clear barium sulfate leak on fluoroscopy and a massive barium sulfate collection in the subdural space on autopsy, the rupture itself was not apparent when dye was injected into the sagittal sinus, possibly because a layer of barium sulfate was covering the rupture site. A bilateral rupture was produced in one test. The bridging vein ruptures invariably occurred in the rolandic or postrolandic region.
The linear acceleration signals showed a typical pattern in 10 of the 18 tests, which was characterized by an acceleration phase in which the acceleration magnitude was higher given the more cephalad position of the accelerometer and by a deceleration phase in which the absolute value of the acceleration magnitude was the highest for the most caudal accelerometer (Fig. 3) . The two backward falls resulted in peak head rotational accelerations of 9970 and 12,314 rad/second 2 with pulse durations of 4.8 and 4.9 msec, respectively. The corresponding peak tangential ac- celerations of the head's center of mass were 2925 and 2138 m/second 2 , respectively. All data-peak rotational accelerations, pulse durations, and whether the impact test led to a bridging vein ruptureare summarized in Fig. 4 . The peak rotational acceleration was significantly greater in the tests that led to bridging vein rupture compared with that in the tests without rupture (Student t-test, p = 0.026). Peak rotational acceleration magnitudes less than 5000 rad/second 2 did not result in bridging vein rupture. In tests with a pulse duration shorter than 8 msec and as the peak rotational acceleration increased, ruptures occurred at accelerations greater than 8000 rad/second 2 ; four of the five tests with pulse durations shorter than 8 msec and peak rotational accelerations greater than 8000 rad/second 2 resulted in rupture. In the tests with pulse durations longer than 10 msec, only two ruptures were produced, and the mean peak rotational acceleration was less than that in the tests with shorter pulse durations resulting in rupture. A rupture was produced in a test with a 12.6-msec pulse duration and a peak rotational acceleration of only 5267 rad/second 2 . The results can be interpreted as if the data points in the upper half of the graphic (Fig. 4) are situated in the vicinity of an acceleration tolerance level with a magnitude of approximately 10,000 rad/second 2 . This tolerance level seems to decrease with increasing pulse duration. The data from the backward falls indicate that the rotational acceleration produced in such a simple fall may well lie in the range of this assumed tolerance level.
Discussion
It has been clearly demonstrated in animal experiments and finite-element models that bridging vein ruptures are generally caused by a forward head motion in the sagittal plane and that the occurrence of ruptures is related to head rotational acceleration. 7, 8, 12 Although bridging vein ruptures could also theoretically be induced by purely translational head motions, it has been estimated in finite-element analyses that rotational acceleration contributes approximately 2.5 times as much force to the deformation of forwarddraining bridging veins as translational acceleration. 15 However, it is not clear from the available literature in what range lies the critical rotational acceleration magnitude for bridging vein rupture in humans and the exact effect of pulse duration on the tolerance level. In the present study critical levels of rotational acceleration magnitude and pulse duration were evaluated by performing impact tests in 10 human cadavers. Occipital impacts were delivered by a pendulum. Using a pendulum with 1 degree of freedom conveys the advantages of mechanical parameters that can easily be controlled and tests that are highly reproducible. Furthermore, the setup mimics real-life impacts in a realistic way. Because of its reliability, pendulum impact testing has been and still is being used by many researchers in the study of material properties (for example, the notch bar impact test), in the field of crash biomechanics in general, and in head impact studies in particular. 13, 16, 30 Results of the current study, while taking into account a natural spread, suggest a tolerance level of approximately 10,000 rad/second 2 for pulse durations shorter than 10 msec, which seems to decrease for longer pulse durations (Fig. 4) . This analysis is the first cadaver study focusing on pulse durations shorter than 15 msec. This range is of particular interest given that short pulse durations are associated with falls on rigid surfaces and that acute SDHs occur more frequently because of a fall rather than a motor vehicle accident. 6, 7, 32 To the best of our knowledge only one previous study has been focused on tolerance levels for bridging vein rupture in human cadavers. In the study by Löwenhielm, 19 pulse durations varied between 15 and 44 msec.
It is important to realize that human cadaver experiments are an approximation of reality. Their data should be interpreted carefully in conjunction with results from animal and finite-element experiments. These latter two experimental approaches are also models that lead to estimations of head injury mechanics in living humans; however, they suffer from a lack of geometric similarity, and from a lack of anatomical detail and the difficulties in modelling the brain-skull interface, respectively. Ideally, one approach could serve to validate certain aspects of the other. The major concerns when using cadavers in this particular context include the effects of autolysis and the absence of physiological intravascular and intradural pressures. The effect of autolysis on venous material properties has been reported as minimal in the first 5 days after death. 4,9,33 Löwenhielm 18 reported no difference in the maximal strain of bovine bridging veins if they were tested immediately postmortem or stored in situ for 2 days before testing. In a recent study 27 in which cerebral cortical veins obtained during surgery and others during autopsy were compared, it was found that the average ultimate strain of the autopsy samples was only slightly lower (1.72 compared with 1.88). Unfortunately, no bridging vein samples were compared. The authors hypothesized that the minor influence of autolysis on the material properties of veins as opposed to arteries could be explained by the fact that autolysis mainly affects the smooth-muscle cells and not the elastin and collagen components of the vessel wall. The vein walls contain only a small number of smooth-muscle cells. If this hypothesis is correct, the effect of autolysis on bridging vein properties can be expected to be small. To account for the effect of intravascular and intradural pressures on relative brain-skull motion, some authors have advocated vascular and cerebrospinal repressurization procedures. 9, 34 Apart from the administration of a small volume of saline in the sagittal sinus immediately before impact to mimic a physiological pressure, repressurization was not applied in the present study. It was excluded because the technique of bridging vein visualization by the injection of contrast medium and fluoroscopy necessitated the opening of the SSS. Nusholtz, et al., 28 have performed a study in which repressurized and nonrepressurized living anesthesized and dead primates were compared with respect to brain kinematics. Unfortunately, these authors measured only extradural pressures, and the significance of the differences between the groups in the force to pressure transfer functions remains unclear. 28 There has been no study in which the authors analyzed in a direct and reliable way the effect of physiological pressures, pressurization, or the lack of such pressures on relative brain-skull motion. Although finite-element modelling efforts have been valuable in providing insight into the mechanical pathogenesis of bridging vein rupture, tolerance levels of rotational acceleration magnitude for the human head have been more than 15 times greater than the level in the human cadaver experiment by Löwenhielm 18 and even approach the tolerance levels in the rhesus monkey experiments (with a 7-to 8-times smaller brain mass). 7, 12 In view of these data, the possible error originating from the use of an unpressurized cadaver model is deemed acceptable in the search for a better estimation of human tolerance levels. It is our opinion that cadaver tests, although characterized by inherent limitations, will remain indispensable for the validation of mathematical models. An indirect validation of the tolerance level is suggested by the present data given that the rotational acceleration magnitudes in the backward fall simulations were similar to the magnitudes critical for bridging vein rupture, and it is well known that bridging vein ruptures can result from simple falls in the elderly. 7, 32 In the study by Löwenhielm 19 cadavers were positioned inside a car containing a seat, dashboard, and windshield, which was accelerated backward on a test sled. In this configuration, the first component of head motion is movement in the forward direction. Markers were applied to the cadavers, and head movement was registered by a high-speed camera. Nine tests were analyzed, and bridging vein ruptures, which had been detected on autopsy, were present in three of the tests. The longer pulse durations in Löwen-hielm's tests (15-44 msec) can be explained by the fact that the forward head motion in his tests was induced by purely inertial loading. When plotted with the results of the present study (Ͻ 16 msec), Löwenhielm's data are compatible with those from the present study and could constitute a further extension of the tolerance curve for longer pulse durations (Fig. 5) . Based partially on his own data and partially on theoretical assumptions, Löwenhielm hypothesized a critical level of rotational acceleration magnitude of 4500 rad/ second 2 in combination with a critical peak change in rotational velocity of 50 rad/second. In a later paper on the mathematical modelling of a single case of bridging vein rupture, he suggested lowering the critical level of the peak change in the head's rotational velocity to 30 rad/second. 20 The peak change in the rotational velocity of the head (⌬ p ) is defined as follows: Assuming a sinusoidal acceleration pulse shape, the pulse duration (t) can be calculated from the peak rotational acceleration (␣p) and the peak change in rotational velocity (⌬ p ) by the formula ⌬ p = 0.625 ϫ ␣p ϫ t, which enabled the plotting of Löwenhielm's tolerance levels for bridging vein rupture in Fig. 5 . It can be seen that all data points associated with bridging vein rupture fall within the area defined by the curve denoting a 40-rad/second level for peak change in rotational velocity and the curve denoting a 4500-rad/second 2 level for peak rotational acceleration. The present results and the tolerance levels proposed by Löwenhielm indicate a decrease in the critical level of rotational acceleration magnitude with increasing pulse durations. Such a course of the tolerance curve for bridging vein rupture has also been suggested by Lee and Haut, 14 but contrasts with the tolerance curve proposed by Gennarelli and Thibault, 7 which may be explained by the assumption that the latter authors analyzed the deceleration phase and not the acceleration phase of forward head motion. The latter tolerance curve, which was based on acute SDH induced at short pulse durations as opposed to DAI for which the rotational acceleration tolerance level has been shown to be lower at long pulse durations, has been used to explain the observation from epidemiological studies that acute SDHs (associated with bridging vein rupture) are predominantly caused by falls; and DAI, by road traffic accidents. 6, 7, 32 There are, however, confounding factors that may, at least partially, contribute to this epidemiological finding. First, it is known that acute SDHs occur more often in older people, which has been explained by the brain atrophy associated with older age (causing prestrain on the bridging veins and allowing greater brain movement within the skull) and by age-related changes in the material properties of the veins. 7, 26, 32 Given that older people are more likely to incur a head injury by falling than their younger counterparts, there will be a greater incidence of acute SDH from falls. Second, bridging vein ruptures may be induced by road traffic accidents in young people and go undetected because of the absence of an acute SDH of significant volume. Six such cases were reported by Maxeiner, 24 who hypothesized that a collapse in cerebral circulation might be responsible for the absence of a significant acute SDH and postulated that the frequency of bridging vein lesions in severe head injuries is probably underestimated. Although the clinical relevance of such bridging vein ruptures is only minimal, this fact may constitute another confounding factor. Furthermore, if the tolerance level for bridging vein rupture indeed increases with increasing pulse duration, it would be unlikely for an acute SDH (associated with bridging vein rupture) and DAI to coincide. Note, however, that some authors have reported on this association. 31 Invariably, the ruptured bridging veins in the present study were located in the rolandic or postrolandic regions. These veins form angles with the SSS in the sagittal plane, which have been reported to vary between 40 and 50˚. 29 These elements are in close agreement with the calculations reported by Huang, et al., 12 in a three-dimensional finite-element model of the human head: the forward-draining bridging veins at angles of 50˚ incurred the greatest strain during occipital impact and hence should be considered the most vulnerable. Veins draining posteriorly at angles of 135˚ would theoretically be most vulnerable to frontal impacts; however, such veins do not exist in humans. 29 The results of tests in Cadavers 4 and 7 suggested that the tolerance curve might be different, and probably lowered, for the second impact. The tendency of the head to receive more than one blow during an accident may be relevant to head protection requirements. However, we do not believe that this phenomenon had a great influence on the general trend of the tolerance curve. Finally, it should be considered that the mean age of the cadavers at the time of death in the present study was 79.2 Ϯ 12.4 years (mean Ϯ standard deviation); therefore, it is likely that rotational acceleration tolerance levels are higher for younger people.
Conclusions
There is good evidence that bridging vein ruptures result from a critical level of rotational acceleration of the head in its forward sagittal motion after occipital impact. However, conflicting data exist on both the magnitude of the critical level of rotational acceleration in humans and the exact influence of the acceleration pulse duration. In the present study the critical levels of rotational acceleration of the head in the range of pulse durations shorter than 16 msec were analyzed using human cadaveric head impact tests. Our data revealed a tolerance curve that is approximately 10,000 rad/second 2 for pulse durations shorter than 10 msec and that seems to decrease with increasing pulse duration. FIG. 5 . Graph depicting the peak rotational acceleration and acceleration duration data in the present study and the study by Löw-enhielm, 1974. The tolerance levels proposed by Löwenhielm are shown: peak rotational acceleration less than 4500 rad/second 2 in combination with a peak change in rotational velocity less than 50 msec. The tolerance level of peak change in rotational velocity less than 30 rad/second was a later adjustment by Löwenhielm, 1978 . A level of peak change in rotational velocity of 40 rad/second best corresponds with a threshold for bridging vein rupture according to data in the present study. max t2 a(t)dt t1,t2 t1 ͭ ͮ ͵ ͵ ment, and Guido Vansteenkiste and Medvision NV for supplying us with the fluoroscopy apparatus and Stefan Govaerts and Jozef Verbinnen for their technical assistance.
